ABSTRACT. Duchenne muscular dystrophy (DMD), which is caused by mutations in the X-linked dystrophin gene, is a severe and progressive neuromuscular disease with no available cure. By integrating 2 microarray datasets from the Gene Expression Omnibus, we identified differentially expressed genes in 2 stages of DMD and systematically explored their potential disease-related mechanisms using a network view. Twenty differentially expressed genes were detected in various stages of DMD. According to the network with dystrophin as its center, none of the 20 proteins interacts with dystrophin directly. IQ motif-containing GTPaseactivating protein 1 was found in the 2nd-level neighbors with a degree of 21. Microtubule-associated protein tau, membrane metallo-endopeptidase, interleukin 13 receptor alpha 1, and multiple epidermal growth factor-like domains 6 were found in the 3rd-level neighbors. These identifications require further investigation, as this report is the first of possible associations between DMD and these proteins. Analysis of differentially expressed genes through this network view may provide important information for further exploration of underlying mechanisms of DMD.
INTRODUCTION
Duchenne muscular dystrophy (DMD), which affects 1 in 3500 newborn boys (Emery, 2002) , is a severe and progressive neuromuscular disease caused by mutations in the X-linked dystrophin gene. Absence or defect of the protein dystrophin disrupts its essential function of connecting the subsarcolemmal cytoskeleton to the sarcolemma, resulting in progressive muscle degeneration. Typically, patients without intervention lose independent ambulation by the age of 13 years and experience cardiac or respiratory failure in their mid-to late 20s, with a mean age of death of approximately 19 years (Bushby et al., 2010a) . Cognitive dysfunction might also be present (Anderson et al., 2002) . Symptoms of DMD are usually initially observed between the ages of 2 and 5 years (Dubowitz, 1978; Jennekens et al., 1991) , although elevated serum creatine kinase level and abnormal muscle histology are always present in patients. Thus, the first 2 years are considered clinically presymptomatic (Pescatori et al., 2007) .
Since the genetic etiology of DMD was well analyzed over 20 years ago Kunkel et al., 1987) , numerous therapeutic strategies have been proposed, including gene-based therapy, cell-based therapy, and pharmacological agents. Multidisciplinary care has also been recommended (Bushby et al., 2010b) . However, these approaches have many hurdles yet to overcome, and no cure for DMD is presently available. Understanding the pathomechanisms for DMD may lead to alternatives to currently inadequate therapeutic strategies. Previous studies have shown that DMD patients exhibit symptoms related to various proteins or molecules, such as growth factors (Gehrig et al., 2012) , nitric oxide synthase (Altamirano et al., 2012) , phospholipase (Lindahl et al., 1995) , and cytokines (De Pasquale et al., 2012) , suggesting that "molecule groups" instead of single or a few proteins should be explored in the investigation of the DMD pathomechanism. Protein-protein interaction (PPI) is crucial for all biological processes (Stelzl et al, 2005) because the majority of proteins function with other proteins. Therefore, biological processes should be considered complex PPI networks of interconnected proteins. In other words, analysis from a network view would provide a better understanding of the mechanism underlying DMD progression.
High-throughput experimental strategies enable identification of candidate gene sets associated with the symptoms of DMD patients. However, few of these efforts have focused on the network downstream of dystrophin, which contributes to development and progression from the presymptomatic phase (PP) of the disease to the symptomatic phase (SP) and represents the pathomechanisms of DMD. Knowledge of these networks would facilitate understanding of the molecular mechanisms of DMD.
Our hypothesis is that dysfunctional genes/proteins and their interactions are strongly related to specific states of the disease and can capture the pathogenic characteristics of corresponding disease stages. Differentially expressed genes between SP and PP may reflect central elements in the progression of DMD from PP to SP. Integrating microarray data from both PP and SP, we identified differentially expressed genes/proteins between SP and PP and carried out biological network analysis for their interactions with the DMD protein to get a better understanding of the molecular mechanism underlying DMD progression.
MATERIAL AND METHODS

Microarray data
Two datasets (GSE6011 and GSE300741) were downloaded from the Gene Expres- 
Detection of differentially expressed genes
Entire data sets including CEL-and SOFT-formatted family files for the 41 samples from the two datasets (GSE6011 and GSE300741) were downloaded. Raw data from the CEL files, which were generated from satisfactory image files, were normalized via robust multiarray analysis (Irizarry et al., 2003) following 3 steps: first, background noise effects and processing artifacts were neutralized with model-based background correction. Second, quantile normalization was used to align expression values to a common scale. Third, data were summarized and an iterative median polishing procedure was used to generate a single expression value for each probe set. The resulting log2-transformed robust multi-array analysis expression value was derived through probe set-level analysis from the raw CEL files.
Statistical t-tests with multiple test correction using the Benjamini and Hochberg procedure (Benjamini and Hochberg, 1995) were carried out for the symptomatic-presymptomatic pairs to detect differentially expressed genes with the threshold of significantly expressed genes set at 0.01. The differentially expressed genes were detected as follows: First, data from the symptomatic-presymptomatic pair of patients were used to detect differentially expressed genes. Second, data from controls were divided into 2 subsets according to age (older than 2 years and younger than 2 years). Normal age-related differentially expressed genes were detected in these sets. Finally, differentially expressed genes correlated with DMD progression were finalized as those detected in the symptomatic-presymptomatic patients pair but not identified in the control pair. Up-or down regulation of differentially expressed genes were determined with fold change. All of these procedures were carried out using R statistical software (v2.14.1) with BioConductor, limma packages (3.12.1), and libraries (Smyth et al., 2005) .
PPI network analysis
We used Cytoscape (V 2. Up to 3rd-level neighbors were allowed. First-level neighbors included proteins that interacted with the DMD protein directly. Second-level neighbors included proteins that interacted with 1st-level neighbors directly, whereas 3rd-level neighbors included proteins that interacted with 2nd-level neighbors directly. Differentially expressed proteins correlated with DMD progression identified as described above were checked to confirm their interaction with the DMD protein to characterize the PPI network changes that occurred with DMD progression.
RESULTS
Of the well-characterized human genes in the Affymetrix Human Genome U133A Array, 28 genes were found to be differentially expressed in the symptomatic-presymptomatic patient pairs. Eight of those genes were excluded because they were also differentially expressed in the 2 control pairs. The 20 remaining genes (Table 2) were considered to play important roles in the progression of DMD. An expression heatmap of the 20 differentially expressed genes in all samples is shown in Figure 1 . According to the PPI network analysis, none of the proteins encoded by these 20 genes was found in the 1st-level neighbors of the DMD protein. In the 2nd-level network, the IQ motif containing GTPase-activating protein 1 (IQGAP1), which had a high degree of 21, was found. In the 3rd-level network, we found IQGAP1 protein and 4 additional proteins-microtubule-associated protein tau (MAPT), membrane metallo-endopeptidase, interleukin receptor 13 alpha 1, and multiple epidermal growth factor-like domains 6-with degrees of 7, 2, 1, and 1, respectively. Degree is the simplest topological index, corresponding to the number of proteins or nodes directly connected to a given node or protein. Proteins with higher degrees are connected to more proteins and tend to play important roles in body development and metabolism. Illustrations of the 2nd-and 3rd-level PPI networks are shown in Figures 2 and 3 Table  1 are shown in the X axis format as: sample id-age. The 20 differentially expressed genes were combined and then hierarchically clustered to represent the expression patterns with average linkage and Euclidean distance as a measurement of similarity. The expression values were log ratios normalized according to the procedure described in the Methods section. Red and green represent upregulation and downregulation, respectively. Precise color scheme is illustrated in the color key. 
DISCUSSION
The pathophysiology of DMD involves many secondary changes (Gorospe et al., 1994; Chen et al., 2000; Head, 2010; Altamirano et al., 2012; De Pasquale et al., 2012; Gehrig et al., 2012) owing to mutation in the dystrophin gene. This high complex progression of DMD presents challenges for curing the disease. Understanding the pathomechanisms for DMD from a network view may improve understanding of DMD and contribute potential targets for new therapeutic strategies because most proteins function with other proteins. Herein we detected differentially expressed genes that contribute to DMD progression using 2 data sets from the Gene Expression Omnibus database and characterized their interaction with the DMD protein using a network view.
As shown in Figure 1 , 20 genes with differential expression only in SP and PP patient pairs were identified as genes contributing to the progression of DMD. As expected, the DMD gene did not show differential expression between the 2 phases because the DMD mutation exists even when patients are phenotypically indistinguishable from normal individuals. According to the network analysis, none of the proteins encoded by these 20 genes interacts with dystrophin directly, indicating that the biological function of the proteins that interact directly with dystrophin do not change substantially in the progression of DMD.
One of the identified differentially expressed genes encodes IQGAP1, which belongs to the 2nd-level neighbors of DMD and has a high degree of 21. No report about the relationship between IQGAP1 and DMD has been published until now. As a scaffolding protein, IQGAP1 binds directly to an impressive collection of other proteins (Mateer et al., 2003) , including F-actin (or alpha actins encoded by ACTA1 in skeletal muscle), which interacts directly with dystrophin. F-actin is polymerized from G-actin. A previous study (Prins et al., 2008) has shown that skeletal muscle-specific ablation of G-actin does not exacerbate the dystrophin-deficient phenotype in mice. Thus, the relationship with IQGAP1 and deterioration of DMD may not involve the dysfunction of actins. IQGAP1 may affect the progression of DMD through its interaction with Ca 2+ /calmodulin (Joyal et al., 1997; Ho et al., 1999) predominantly via its 4 IQ motifs, because Ca 2+ and calmodulin modulate numerous cellular functions, including muscle contraction (Berridge et al., 2000) . A previous study (Weissbach et al., 1998) has shown that the interaction of IQGAP1 and myosin essential light chain have significant consequences for actomyosin contractility, suggesting another possible mechanism for IQGAP1 in the progression of DMD.
Protein encoded by a gene called MAPT was found in the 3rd-level neighbors of dystrophin with a degree of 7. MAPT mutations have been associated with several neurodegenerative disorders, such as frontotemporal lobar degeneration (Sieben et al., 2012) and Parkinson disease (Farrer, 2006) . Differential expression of MAPT may be related to the cognitive dysfunction of DMD patients; however, further research is needed for confirmation because previous reports have indicated that cognitive dysfunction in DMD patients is non-progressive (Bushby et al., 2010a) , whereas the differential expression pattern existed between SP and PP in our study. Membrane metallo-endopeptidase was also found in the 3rd-level neighbors with a degree of 2. Its differential expression may contribute to the psychological state changes of the patients that accompany the progression of DMD because the function of this protein is related to the inactivation of enkephalins, which have been implicated in the regulation of mood, anxiety, reward, euphoria, and pain (Comings et al., 2000) .
Among the other proteins that do not interact with dystrophin in up to three levels, sarcospan (SSPN) is especially notable. As a unique tetraspanin-like core component of the dystrophin-and utrophin-glycoprotein complexes in skeletal muscle, SSPN and its modulation of integrin signaling are necessary for extracellular matrix attachment and muscle force development (Marshall et al., 2012) . Peter et al. (2008) have also reported that to compensate for the loss of dystrophin, SSPN may increase utrophin-glycoprotein complex levels at the extrasynaptic membrane to stabilize the sarcolemma. Thus, SSPN is worthy of further investigation and may be a potential target for DMD treatment.
In summary, we analyzed differentially expressed genes in the progression of DMD using a network view. The genes identified herein may help to understand the symptoms and especially the progression of DMD and at the same time spur new directions for therapeutic interventions, which are at present inadequate.
